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Abstract

An austenitic stainless steel ISO 5832-9 was deformed in a torsion test machine over
the temperature range of 1,000°C — 1,200°C and strain rates of 0.05, 0.1, 1.0 and
5.0st. The Steel plastic behavior was studied by analyzing the flow curves shapes
and using the constitutive equations under the conditions of thermomechanical
treatment. The curves initially presented an increase in stress characterized by
hardening work, followed by a drop in stress to an intermediate level that reached or
not, for certain conditions, the steady state softening. The plastic flow curves of ISO
5832-9 steel displayed in three different ways: (i) Curves with continuous softening
presenting plastic instability for low temperatures and high strain rates; (ii) curves
type flat, here after the peak there is little variation of stress with strain presenting
softening mechanism by higher contribution of dynamic recovery at low temperatures
and low and intermediate strain rates; (iii) curves with softening after the critical
deformation favored by high temperatures and low strain rates. These behaviors
indicate the influence of the stacking fault energy (SFE) and precipitated particles on
the softening kinetics of this steel.

Keywords: Austenitic stainless steel; Hot flow curves; Dynamic recovery; Dynamic
recrystallization.
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1 INTRODUCTION

The study of the occurrence and interaction of hardening and softening mechanisms
during the thermomechanical treatment that interferes directly in the microstructural
changes and therefore the variation of the mechanical properties, is very important
for the knowledge and process control that will allow an appropriate choice of
processing parameters in each stage in industrial scale.

The physical simulation performed through hot torsion testing allows, through the
curves of plastic flow and microstructure evaluation of the deformed samples,
evaluate the occurrence and behavior of hardening and softening mechanisms
depending on the parameters of deformation due to the deformation
parameters [1-4].

During the plastic deformation, the metallic materials undergo a hardening process,
which contributes to its increased in mechanical strength, referred to as hardening
work. The hardening work is characterized by an increase in dislocation density and
the type of arrangement that they form [5]. Five types of different restoration
mechanisms that operate are identified during, after, or between passes of
deformation: the Dynamic Recovery (DRV), Dinamic Recrystallization (DRX), Static
Recovery (SRV), Static recrystallization (SRX) and Metadynamic Recrystallization
(MDRX) [6, 2-5].

At onset of hot deformation of a metallic material, where the hardening phase occurs,
the dislocation density increases with the deformation becoming entangled, but due
to the operation of restoration mechanisms, thermally activated, such as cross slip
and dislocation climb, occur simultaneity the rearrangement and dislocation
annihilation generating regions with relatively low density of dislocation surrounded
by high-density of dislocation called cell structure [6-9]. With further deformation, the
cell structure can be transformed into subgrains.

In materials with high stacking fault energy, where the partial dislocations is moving
closer to each other, thermally activated mechanisms are more effective causing that
during the deformation process, the work hardening rate gradually decreases, due to
the increase in the rate of dislocation annihilation. When the dynamic equilibrium
between these two rates is reached, occur the regime or steady state characterized
by a constant flow stress. At this stage the cells are transformed into subgrains,
whose perfection, size and disorientation depend on the material, the rate and
deformation temperature [8]. Materials with this kind of behavior only presenting
dynamic recover.

Metallic materials with middle or low stacking fault energy, the formed cells, have
very tangled bounders and are smaller. During the deformation, due to the low
efficiency of thermally activated mechanisms since the dislocations movements are
more distant from each other, the annihilation rate is less than the rate dislocations
generation and when density reaches a critical value the dynamic recrystallization
occurs [10]. Dynamic recrystallization is a softening process in which deformed
grains are replaced by new ones free of strain. The nucleation and growth of new
grains eliminate part of the dislocations generated during the work hardening [9,11].
During the phenomenon of work hardening, the density of dislocations increases with
strain until a critical energy is reached to initiate the DRX (oc and &c), when the
process of nucleation begins [12,13]. The rapid annihilation of dislocations with the
nucleation and growth of new grains along the grain boundaries existed leads to a
peak stress (op and ¢€p) in the plastic flow curve followed by a rapid softening until the
steady state (0ss and €ss) when the stress is constant with strain. When the stress
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reaches the steady state, the recrystallized grains are equiaxed and much smaller
than the initial ones.

Another DRX mechanism has also been observed, called necklace mechanism, that
preferably occurs at high strain rates and low temperatures. In this, nucleation occurs
mainly in the preferred sites of deformation, such as grain boundaries and
deformation bands [12, 14-15], preceded by fluctuations in the form of deformed
grain boundaries forming new grains [16].

1.1 Mathematical Modeling of Hot Flow Curves

The evolution result of the mechanical forces applied by machine over a
thermomechanical processing in metallic materials, with the quantity of deformation
imposed, is represented by representative graphs curves of stress versus
strain (0 x €) or plastic flow curves. The stresses levels depend on the mechanisms
of hardening and / or softening operative at the deformation time. The fundamentals
of mathematical modeling of plastic flow curves of materials that recrystallize
dynamically presented below take into account only the parameter of dislocations
density, and not considering, therefore, the precipitates formation during the
thermomechanical process.

During the plastic deformation, in dynamic recovery regime (DRYV), initially there is an
increasing in the material resistance, due to the phenomenon of work hardening in
consequence of the increase in dislocation density. The evolution of the dislocations
density (p) with the strain (¢), in work hardening regime is controlled by the
competition between the increase and the annihilation (rearrangement) of these
dislocations and can be represented mathematically by two independent terms as

shown below in Equation 1.
d dp\" (dp\)
_p:(_pj _(_p) M
de \de de

where the first term represents the contribution of work hardening and the second
term represents the contribution of dynamic recovery [17-20].
Taking into consideration that the generation of dislocations is independent of
deformation [17-20], and the dynamic recovery following a given first-order kinetics
[19,21-23], and after some manipulation Equation 1 becomes:

1
0= (Gszat - (Gszat - Gg) exp(—rg))5 (2)

This equation is the stress versus strain relationship (o x €) for materials that soften
intensively by dynamic recovery mechanism in isothermal processing conditions [23].
After the stage of increasing in stress with strain, the stress reaches a certain value
of saturation, Osa, in which there is a dynamic equilibrium between generation and
annihilation of dislocation, where dp/de = 0.

Differentiating Equation 2, has as a result other Equation and multiplying it for
Equation 2 again we have Equation 3:

So, the Equation 2 can be expressed as Equation 3 below:
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sat

(02 o} )exp(— re)=oc’,—oc (3)

sat

Steels with low and medium stacking fault energy, such as austenitic stainless steels,
when conformed hot tend to soften by dynamic recrystallization (DRX), after reaching
a certain imposed deformation. This level of deformation is known as the critical
strain (&) and corresponds to the minimum amount of work applied to start the
DRX [8]. This value reflects the upper limit of the amount of energy that can be
stored to the materials when they are hot locally deformed. Only reach this level of
energy, even so is too necessary, is not sufficient for the onset of DRX, and therefore
requires that the rate of energy dissipation reaches a critical value. Poliak and
Jonas [24,25] applying the principle of irreversibility of thermodynamics showed that
the critical condition for the onset of DRX happens when:

i(_ %j _0
oo\ Oo 4)

The values of 6 can be obtained through derivation of strain curves vs. equivalent
strain obtained experimentally.

Once the critical deformation is reached, the DRX is started with the nucleation and
grain growth free of strain [12,15]. With increasing deformation, the recrystallized
volume fraction increases, softening the material and reducing its strength. Both the
decrease in stress as the softened volume fraction may represent the evolution of
DRX.

Considering that the decrease in stress with the deformation is due to DRX, the
evolution of the stress with continued DRX can be represented by the following
equation:

O =Ogy — (Gsat — O ) ) Xs 5)

where Xs is the fraction softened; osat the saturation stress, that occurs only when
dynamic recovery take place and oss steady state stress with complete DRX.
Assuming that the softened portion is equal to the recrystallized fraction and is
described by the Avrami equation, Xs can be expressed as [23]:

X = Tt 79 :1—exp(— Kt”):l—exp —0,693 L (6)

) t
Osat — O 0,5

where K is the Avrami constant, n is the Avrami exponent, associated with nucleation
and expressed as a power law with the Zenner-Hollomon parameter (Z), and tos
represents the time required to obtain a dynamically recrystallized fraction of 50%.
Combining equations 9 and 10, it has:
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The recrystallization kinetics is dependent on the deformation condition imposed to
the material. The behavior of the material during the DRX can be represented by the
dependence of to5 with the temperature and deformation rate, ie:

Q
t._=AZ% _<DRX
05 Xp[ o7 j (8)

where g and A are constant characteristics of each material associated conditions for
deformation, R the universal gas constant, T is the absolute temperature and Qprx is
the activation energy for dynamic recrystallization.

2 MATERIALS AND METHODS

The steel used in this work was the austenitic stainless steel ISO 5832-9. The
chemical composition of the material by weight is shown in Table 1.

Table 1. Chemical composition of the Austenitic Stainless Steel ISO 5832-9 (mass %)
C Si Mn  Ni Cr Mo S P Cu N Nb  Fe

0,017 0,16 3,62 10,6 21,06 2,44 0,0018 0,013 0,06 0,37 0,42
(0,08 méx) (0,75 méx) (2-425)  (9-11)  (19,5-22) (2-3) (001méx)  (0,025max)  (0,25max)  (0,25-05)  (0,25-0,5)

bal.

Cylindrical specimens with 8 mm of effective diameter and 12 mm of effective length
were machined out of hot rolled bars. Mechanical tests were carried out on a
computerized hot torsion machine. The samples were heated in a furnace by infrared
radiation with a maximum power of 6 kW, mounted directly on the testing machine.
The measurement and control of temperatures were made by using a Chromel-
alumel thermocouple fixed in holes drilled near the useful sample part, Figure 1. The
instantaneous torque and rotation angle were read and recorded during testing by
specific software interfaced to torsion test machine that imposes parametric tests
such as temperature, holding time, limit of strain and strain rate.

Figure 1. (a) Hot torsion testing machine, (b) Details of infrared furnace with the quartz tube used for
heating and rapid cooling of the samples.
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Hot torsion tests were carried out over temperature range of 1000 °C to 1200 °C with
strain rates in range from 0.5 to 5.0 s*. The samples were heated up from room
temperature to 1200°C and then held for 5 minutes and then cooled down to
deformation temperature and held for 30 seconds before being deformed. All tests
were performed to strain of 3.5 or until the sample fail. The equivalent stress, Oeq,
and equivalent plastic deformation eeq were obtained by followed expressions [26].

st

e, O, fmmer, TMS bom 7=

V3M

GeqzzﬂRs

RO
(3+n+m) and geq:—\@L (9)

where M is the torque, R is the radius of the sample, m and n are sensitivity
coefficients of the material to strain rate and work hardening, respectively, 6 is the
rotation angle and L is the specimen effective length.

Some characteristic values of stress and strain are well-defined points in the flow
plastic curves and can be read directly from the experimental curves, others, as
critical stress for the onset of dynamic recrystallization (oc) and saturation stress (0Oss)
need to be obtained from analytical calculations.

3 RESULTS AND DISCUSSION
3.1 Plastic Flow Curves from Torsion Tests

A set of tests to generate the plastic flow curves was performed to determine the
plastic behavior of stainless steel in ISO 5832-9 in conditions similar to the industrial
process. The tests were performed under the following conditions: Temperatures of
1000, 1050, 1100, 1150 and 1200°C, strain rates of 0.05, 0.10, 1.00, and 5.0 s after
reheating the specimens at 1200°C. The plastic flow curves obtained from hot torsion
tests are displayed in Figure 2.
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Figure 2. Plastic flow curves obtained from isothermal continuous torsion tests to different strain rate
and temperatures: (a) 5.0 s, (b) 1.0 s, (c) 0.1 s, (d) 0.05 s

It is observed in the plastic flow curves shown, that at the beginning there is a region
of increasing in plastic flow stress resulting from work hardening mechanism acting,
presenting a change in curvature as the material is deformed. With continuing
deformation, the stress reaches a maximum value that corresponds to the peak
stress. Finally, after a certain strain, the stress reaches a steady state.

The stress level decreases with decreasing strain rate and increasing temperatures.
However, the evolution of deformation with thermomechanical treatment condition
has distinct behaviors. It is noted that curves at higher temperatures, have the
hardening region shifted more to the right and, at lower temperatures the maximum
stress tends to occur in smaller deformation.

At the 1000 °C, the samples did not reach the steady state until the imposed
deformation during the experimental tests and specifically, at 1000 °C with 0.05 s,
the sample failed before the maximum imposed deformation (¢ = 3.5), also is worth
noting that at this temperature, there is a relatively high drop in tension level in the
softening region as the same at high strain rates. In all experiments conducted at
higher temperatures, the steady state stress was reached.

3.2 Constitutive Equation for Peak Stress (op)

It is observed clearly in Figure 2 that the stress level in deformation process is
dependent on the conditions of thermomechanical treatment, the temperature and
strain rate. Having the peak point stress representative of the material behavior, it
can be seen that the peak stress (op) varies to higher values with decreasing
temperature and increasing strain rate, and varies similarly to lower values with
increasing temperature and decreasing strain rate. The Garofalo equation, first used
for creep and modified by Sellars and Tegart [27] for hot working, represents well the
relationship between deformation conditions and the necessary stress for material
deformation, represented by followed expression:

Z = (;exp((;‘f;f j = Alsenh(ac, )| (0
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where ¢ is the strain rate, Qis the apparent activation energy for deformation, R is

the gases universal constant, T is the absolute temperature, Z is the Zener-Hollomom
parameter, A, a and n are material constants. The constants of this equation were
determined applying the method proposed by Uvira and Jonas [28]. A computational
procedure was used to determine a value that better fit this equation. This value is
attained from substitution the experimental data for strain rate and o, for each one

temperature in this equation. With linear regression the n values were determined
varying a in the range between 0.002 to 0.052 with step of 0.001. Plotting the
standard deviation of n as a function of a for each one temperature and strain rate it
was possible to see that there is a small range of a values that not depends on the
temperature. The a value which presented the smallest standard deviation in all
temperatures and strain rate was 0.01313.

The graph shown in Figure 3(a), shows that the rate of deformation has the same
effect on the peak stress in each test temperature, since the lines are substantially
parallel. Doing some basic operations in Equation 10, it is arrived to the equation 11,
where it is observed that n is the slope of the graph of Figure 3(a). With the values of
a and n already found, one can determine the value of the apparent activation energy

for hot deformation (Q,, ), Figure 3(b), using the same procedure used to find the
value n from Equation 10.

oln ¢

"= oln [senh(aap )J .

NnRO In [senh(aap )J

Qqer =
8(%) (12)
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Figure 3. (a) Procedure used to determine the value of n from Equation 15. (b) . Representative plot
of the dependence of peak stress (o) with the temperature used to determine the apparent activation
energy of Equation 16

3.2Determination of Softened Fraction and Avrami Exponent

According to equation 7, the softened fraction at any time in the dynamic
recrystallization process (Xs), is described as the ratio between the difference of
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dynamic recovery and recrystallization stresses at that time and the steady state.
Following the step above, it was determined the evolution of softened fraction (Xs) in
function of the time.

The values determined for apparent activation energy for dynamic recrystallization
and g from equation 8 were, Qorx = 455 KJ/mol and q = -1.0134, such it become as
the followed expression.

(13)

tos =3.41d,Z _1'0134exp[$j

Rearranging Equation 5, through the graphic log [In(1/(1-Xs))] vs. log t, it is observed
that the Avrami exponent (n) is the slope of the curves. Figure 4 shows the ratio of
Avrami exponent (n) with Zener-Hollomon parameter (Z), where there is a trend of
decreasing values of n with increasing values of Z in a power law relation.
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Figure 4. Relation between Avrami exponent (n) with Zener-Hollomon parameter Z.
Table 2 shows the parameters equation applied in equations 2 and 7 to predicting the
flow curves behavior at the thermomechanical treatment imposed on ISO 5832-9
austenitic stainless steel.

Table 2. Parameters equation applied in equations 2 and 7 to predicting the flow curves behavior

Initial Steady state Saturation Avrami exponent

o0=075-2"" o =114.70H Gy =030-2%1  n=375.270022

3.3Comparison Between Analytical and Experimental Flow Curves

The evolution equation for the flow curves behavior was solved for each
thermomechanical treatment imposed on the material, each Z value, and compared
with the original experimental data. Figure 5 shows experimental and simulated
curves together, solid and dashed respectively. In Figure 5 is observed that there is a
reasonable agreement between the modeled and experimental data. However, some
differences are observed.
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Regarding the dynamic recrystallization kinetics, ie, part of the curves stress vs.
strain, it is noted that for low values of the Avrami exponent (n), there is a delay in the
dynamic recrystallization process also contributes to delaying the time to 50% of
softening (to;5). After the peak stress, the second part of the curves, the retardation in
the dynamic recrystallization kinetics between the modeled and experimental curves
is too evident mainly for low Avrami exponent (n) and intense action of dynamic
recovery, with little change in the stress at low temperatures and moderate strain
rate. This is due to the moderate value of stacking fault energy (EFE) which
facilitates the thermally activated mechanisms and probability the contribution of
phase Z existing in ISO 5832-9 steel making dynamic recovery more effective.
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Figure 5. Comparison between experimental flow curves with the molded flow curves for austenitic
stainless steel ISO 5832-9: (a) 5.0 s, (b) 1.0 s, (c) 0.1 s (d) 0.05 s

Strain.

It is necessary to bear in mind that all values for the parameter were determined
experimentally do be applied in the constitutive, evolutive and empirical equations.
Therefore, each value of the main flow curves points fitted determined by these
equation represents an average for each deformation condition
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4 CONCLUSION

The method used to modeling flow curves for ISO 5832-9 austenitic stainless steel
showed a reasonable agreement between modeled and experimental suggesting
softening promoted by dynamic recovery and recrystallization after work hardening
acting during hot deformation. Standard deviation for the main stress points
according to used equation is considered not too high when compered modeling and
experimental flow curves. Otherwise, some differences in levels of stresses between
modeling and experimental can be speculated from mathematic method that is
necessary more investigation to find the cause of these deviations.
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